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Orthorhombic Nb2O5 (T-Nb2O5) nanocrystallites are successfully fabricated through evaporation induced self-assembly 
(EISA) method guided by a commericalised triblock copolymer – Pluronic F127. We demonstrate a morphology transition 
of T-Nb2O5 from continuous porous nanofilm to monodisperse nanoparticle by changing the content of Pluronic F127. The 
electrochemical results show that the optimized monodisperse of Nb-2 with particle size of 20 nm achieve premier Li-ion 
intercalation kinetics and higher rate capability than mesoporous T-Nb2O5 nanofilms. Nb-2 present an initial intercalation 
capacity of 528 and 451 C g-1 at current densities of 0.5 and 5 A g-1 and performed stable capacity of 499 C g-1 after 300 
charge/discharge cycles and 380 C g-1 after 1000 cycles, respectively. We would expect this copolymer guided 
monodispersing of T-Nb2O5 nanoparticles with high Li
+ intercalation performance to open up new window for novel EES 
technologies. 
Introduction 
    Recently, the research on high performance electrochemical 
energy storage (EES) has achieved significant progresses by 
innovating pseudocapacitive materials, i.e. transition metal oxides 1-
4. Faradaic charge storage in transition metal oxides enables high 
power density and high energy density through a fast sequence of 
reversible faradaic redox, electrosorption or intercalation processes 
at the surface or near-surface region of electrodes 5,6. Unlike 
traditional battery materials, the charge/discharge processes in 
pseudocapacitors are not dominated by ion diffusion, thus, charge 
storage can occur on the order of seconds and minutes. The latest 
research trend in high performance pseudocapacitive materials is to 
design novel materials with the short path length and high active-
surface area by controlling the nano-morphologies 7-13.  
Orthorhombic Nb2O5 (T-Nb2O5), a typical pseudocapacitive 
material, holds a unique property of reversible Li-ion intercalation 
reaction, Nb2O5 + xLi
+ + xe- ↔ LixNb2O5, where a maximum capacity 
of charge storage can be reached at 728 C g-1 when x is 2 3. T-Nb2O5 
has attracted considerable interests for its high theoretical specific 
capacity, fast Li-ion intercalation kinetics and reversible 
lithiation/delithiation process 14-18. Some strategies have been 
proposed to synthesis Nb2O5 with desired morphologies, aiming to 
optimise the electrochemical properties 19-23. Brezesinski et al. 
synthesized ordered mesoporous T-Nb2O5 thin films and achieved 
significant enhancement in capacitive energy storage 24. Liu and his 
co-worker fabricated Nb2O5 nanosheets through hydrothermal 
reaction, and obtained high rate Li-ion storage performance with 
the Nb2O5 nanosheets 
25. Zhou et al. used Nb2O5 nanobelts as 
lithium  
 
 
intercalation electrode and showed high reversible capacity, high 
rate capability and excellent cycling stability 26. 
    The low dimensional T-Nb2O5 structure brings advantages that 
can facilitate electrolyte ions and electrons transfer, offer high 
surface area with abundant active sites and sustain the crystal 
structure for durable charge/discharge process. However, challenge 
remains to develop a facile and sustainable method to prepare T-
Nb2O5 nanocrystals and controllably form the desired 
morphologies, and use it to improve charge storage capacity for 
EES. 
    In this paper, we propose a facile process - evaporation induced 
self-assembly (EISA) guided by triblock copolymers - Pluronic F127 
(a.k.a F127), to fabricate T-Nb2O5 nanostructure. Different 
crystalline size and morphology can be achieved by tuning the 
weight ratio of F127 from 0.5 to 2, a phase transition from 
mesoporous nanofilms to monodisperse nanoparticles will be 
demonstrated. We also discover that the monodisperse T-Nb2O5 
nanoparticles exhibited faster Li-ion intercalation kinetics and 
higher rate capacity than continuous mesoporous T-Nb2O5 
nanofilms with the similar crystallite size. This finding could bring 
new concept for novel Nb2O5 electrodes with fast Li-ion 
intercalation by introducing monodisperse nanoparticles. 
Results and discussion 
Structural and morphological characterization 
The schematic of EISA process and structure measurement by 
XRD are presented in Fig. 1. The inorganic NbCl5 and guiding agent 
F127 nucleation firstly reacted (Fig. 1a) to form O-Nb–O bridges, 
accompanied by an aqueous sol-gel process. An organic-inorganic 
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hybrid structure was generated by the following aggregation of 
NbCl5/F127 micelles. Finally, the amorphous Nb2O5 crystallizes were 
transited into orthorhombic structure when we annealed the 
Nb/F127 precursor films at 600 oC. The particle size and morphology 
of T-Nb2O5 can be directly regulated by controlling the amount of 
F127. The weight ratios of F127 to Nb2O5 were designed as 0.5:1, 
1:1, 1.5:1 and 2:1, with the samples named as Nb-0.5, Nb-1, Nb-1.5 
and Nb-2, correspondingly.  
 
The XRD results in Fig. 1b, suggest a highly crystalline with an 
orthorhombic unit cell, which can be indexed to the JCPDS No. 30-
0873, i.e. the diffraction peaks centred at 22.6, 28.4, 36.6, 42.8, 
45.0, 46.2, and 50.9 o can be indexed as (001), (180), (181), (2100), 
(2110), (002), and (380) reflections of T-Nb2O5. The XRD results also 
reveal a decrease of average crystallite size due to the increase on 
F127, which agrees well to the predicted results obtained from 
Scherrer’s equation (Table S1). We use TGA and DSC to verify the 
component ratios of F127 to Nb2O5 in weight (Fig. S1) and find that 
there is a slight weight loss from 50 to 200 oC due to the removal of 
residual water and solvent as well as the oxidation of some 
remained organic groups. Between 200 °C to 350 °C, the F127 
decomposes thoroughly. An exothermic peak appears beyond 400 
oC, indicating the rearrangement of crystal structure. XPS spectrum 
of the Nb-2 in Fig. S2 presented two peaks, Nb3d5/2 at 207.00 eV 
and Nb3d3/2 at 209.75 eV, which are in good agreement with the 
binding energies of Nb2O5. 
The porosity properties for samples were assessed by N2 
adsorption-desorption isotherms, the pore size distribution data is 
  
 
shown in Fig. S3. These isotherms present very similar type IV 
isotherms with a hysteresis loop at P/P0 of 0.8-1, suggesting a 
coexistence of mesopores and macropores. With increasing  the 
amount of F127, the specific surface area and the average 
mesoporous diameters are increased, which also lead to more 
active edge surface. More porosity data are provided in Table S1. 
We next study the morphology of T-Nb2O5 as a function of the 
weight ratio of F127 to Nb2O5. SEM observations in Fig. 2a - 2d 
revealed that particle size decreases with increasing amount of 
F127, the overall morphology is very different from the Nb2O5 
without F127 (Fig. S4). By adding the F127, the morphology starts 
with continuous mesoporous nanofilms (Nb-0.5, Nb-1, and Nb-1.5), 
then transits into monodispersed nanoparticles (Nb-2). From the 
TEM images of Nb-0.5 (Fig. 2e) and Nb-2 (Fig. 2f), we find that the 
Nb-2 has a smaller size of around 20 nm with disordered particle-
overlapped structure. The HR-TEM image in Fig. 2f (insert), unveils 
Fig 1. (a) schematic of synthesis process and (b) XRD results for all samples  
Fig. 2. SEM observations of (a) Nb-0.5, (b) Nb-1, (c) Nb-1.5 and (d) Nb-2, the scale bars are 500 nm; TEM results of (e) Nb-0.5 
and (f) Nb-2, the scale bars are 50 nm 
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the (001) plane (lattice parameter of 3.90 Å) in the Nb-2 
nanocrystals corresponding with orthorhombic structure.  
 
Electrochemical characterization 
The cyclic voltammogram (CV) results at various sweep rates are 
presented in Fig. 3a-d. At low sweep rate, all CVs show symmetric 
anodic and cathodic peaks with ignorable voltage separation. This 
means fast and reversible Li-ion interactions occurred within T-
Nb2O5 (  	

    	, 0 < x < 2). Moreover, 
the Nb-1.5 and Nb-2 at 1 mV s-1 show two cathodic peaks at around 
1.45 V and 1.75 V, respectively. However, Nb-0.5 and Nb-1 exhibit 
only one broad cathodic peak around 1.45 V. Our hypothesis is that 
additional intercalation active sites occur in Nb-1.5 and Nb-2, due to 
their smaller crystalline size and more specific surface area that 
enable fast Li+ transportation. Among all CV results, the potential 
region of 2-3 V makes minor contributions to the total capacity. 
While this region expands the operating potential widow, thus 
greatly improves the total energy density according to the equation: 
E 


∆
. 
We next study the relationship between capacity and sweep rate 
to furtherly understand the Li-ion intercalation. The plots of specific  
capacity vs v-1/2 in Fig. 3f show two distinct regions. In region 1 (v <  
20 mV s-1), the specific capacity is mostly independent of the sweep 
rate, which means charge storage mainly arising from capacitive 
process. In region 2 (v > 20 mV s-1), the specific capacity decreases 
quickly with v, indicating that charge storage is mainly controlled by 
diffusion process. After comparing galvanostatic charge-discharge 
(GCD) curves for all samples at a current density of 1 A g-1 (Fig. 4a), 
we discover that T-Nb2O5 undergoes highly reversible Li
+ 
intercalation reaction by showing symmetric slope curves. The 
initial specific capacity of Nb-2 reaches the highest value as 521 C g-
1 at 1 A g-1. Nb-2 also has the best rate capability (Fig. 4b) with a 
slight decrease in the capacitance as current density increases. At a 
high current density of 20 A g-1, the Nb-2 can still deliver a 
reasonable high capacity of 250 C g-1. Moreover, Nyquist plot of Nb-
2 in Fig. S5 shows a high phase-angle impedance property and a low 
faradic charge transfer resistance which accelerated the fast Li-ion 
intercalation. 
      
     
The kinetic mechanism of Li+ insertion/extraction reaction was 
investigated from the relation between sweep rate and capacity or 
current, where can be expressed as 	   . When the value of b is 
0.5, the current is controlled by diffusion process. When b is 1, it 
means that Li-ion intercalation process is capacitive behaviour. By 
scaling log(i) versus log(v) of cathodic peaks, the value of b can be 
calculated in Fig. 3e. It is found that the b value for Nb-2 is 1 
corresponding to a typical capacitive intercalation. We found that 
the Nb-1.5 has a b-value of 0.9 which is lower than Nb-2. Combining 
with SEM and TEM results, these results indicate that Li+ 
insertion/extraction kinetics in Nb-2 monodisperse nanoparticles 
are more efficient than Nb-1.5 continuous mesoporous films. The 
continuous mesoporous Nb-0.5 films with 45 nm particle size has a 
b-value of 0.85, which means that the charge storage arriving from 
both semi-infinite diffusion and capacitive processes. 
The high rate capability of T-Nb2O5 implies that the crystal structure 
allows exceptionally rapid ionic and electronic transportations. This 
result suggests that the intercalation induced pseudocapacitance 
and rate ability of T-Nb2O5 strongly depend on the specific surface 
area and particle size, rather than the continuous mesoporous film 
structure. 
The durability of the materials was assessed by cyclic testing at 
current densities of 0.5 A g-1 and 5 A g-1, the results are shown in 
Fig. 4c and 4d. The capacitance results have a slight attenuation 
after 300 cycles at 0.5 A g-1 (Fig. 4c), which represents a highly 
Fig. 3. CV curves of (a) Nb-0.5, (b) Nb-1, (C) Nb-1.5 and (d) Nb-2 at increasing scan rate at room temperature in 3-limbed cell; (e) 
Plot of specific capacity vs v-1/2 and (f) b-value determination of the peak cathodic currents. Electrochemical tests were 
performed at room temperature using three-electrode 
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reversible Li+ insertion/extraction into/from T-Nb2O5 enabled by the 
highly crystalline of T-Nb2O5. At 0.5 A g
-1, the Nb-2 shows an initial 
capacity of 528 C g-1, with low capacity fading ∼5.5% (499 C g-1) at 
the end of the 300th cycle. At 5 A g-1, the Nb-2 still shows the 
highest initial capacity of 451 C g-1 and 380 C g-1 at the end of the 
1000th cycle, which is ~25% more than that of Nb-1.5 and 250% of 
that for Nb-0.5.  
Conclusions 
    We fabricated T-Nb2O5 nanomaterials through evaporation 
induced self-assembly (EISA) method, two different morphologies 
have been achieved as monodisperse and continuous mesoporous 
nanofilms, which can be controllably formed by changing the 
addition of a triblock copolymer - F127. With this configurable 
microstructure, excellent electrochemical performances were 
achieved as a result of the unique orthorhomobic crystal structure 
in our Nb-2 materials. For the optimized Nb-2 with monodisperse 
structure and 20 nm particle size, electrochemical results show 
faster Li+ intercalation kinetics, good high-rate capability with a 
capacity of 250 C g-1 at 20 A g-1, and excellent cycling performance 
which the specific capacity is from 528 to 499 C g-1 after 300 cycles 
at 0.5 A g-1 and from 451 to 380 C g-1 after 1000 cycles at 5 A g-1. We 
anticipate that the discovery of this new structure-property 
relationship in T-Nb2O5 nanomaterials will shed a light on novel high 
performance EES.  
 
Experimental Section 
Materials synthesis 
    The orthorhombic T-Nb2O5 crystallite was synthesized through 
evaporation induced self-assembly (EISA) process. Briefly, 1.2 g 
NbCl5 powder (Sigma-Aldrich) was dissolved in 20 mL dry ethanol 
immersed in ice bath, and a certain amount of F127 (Sigma-Aldrich) 
was dissolved in another 20 ml ethanol with 0.5 mL deionized 
water. Once these solutions are uniformly mixed, NbCl5 alcohol 
solution was then added drop-wisely into the F127 solution. The 
mixed solution was stirred in an ice bath for 1 h in order to prevent 
uncontrolled hydrolysis. The homogeneous mixture was then slowly 
poured into the Petri dishes. After slow evaporation at room 
temperature for 24 h, the precursor Nb/F127 films were obtained. 
Finally, the precursor films were thermos-annealed at 600 oC for 2 h 
at room temperature to obtain Nb2O5 nanocrystals with 
orthorhombic structure.  
 
 
Materials characterization 
    The crystalline structure was characterized by a powder X-ray 
diffraction (XRD) at 40 kV and 100 mA with Cu Kα radiation 
(λ=1.5406 Å). The morphology was observed by scanning electron 
microscopy (SEM，FEI-300) and transmission electron microscopy 
(TEM, JEOL 2100F). The amount of F127 in the samples was 
confirmed by thermogravimetric analysis (TGA). The specific surface 
area and pore structure of samples were determined by N2 
adsorption–desorption isotherms at 77 K after being degassed 
under vacuum at 433 K for 6 h. The Brunauer-Emmett-Teller (BET) 
method was utilized to calculate the specific surface areas. The total 
pore volume was calculated using a single point. The pore size 
distributions were derived from the desorption branch using the 
Barrett-Joyner-Halenda (BJH) model. 
Electrochemical measurements 
Nb2O5 electrodes were prepared by mixing the active material, 
carbon black (Timcal Super C65) and polyvinylidene fluoride (PVdF) 
binder in an 8:1:1 weight ratio in N-methyl-2-pyrrolidinone (NMP). 
The homogeneous slurry was then coated onto 20 μm Cu current 
collectors. After drying at 100 oC for 12 hours, coated composite 
electrodes were pressed into 12-mm diameter using stainless steel 
roller. Electrochemical tests were performed using three-electrode 
system with the obtained material as working electrode, lithium foil 
as reference electrode, commercial activated carbons (Maxsorb II) 
Fig. 4. (a) GCD curves, (b) rate capability and (c, d) cyclic performances for all samples 
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as counter electrode, Celgard 2400 microporous film as the 
separator, and 1 M LiPF6 (EC/DMC/DEC=1:1:1 in volume ratio) as 
electrolyte. A potential window of 1.2-3 V was chosen in this work, 
to investigate the electrochemical performance induced by Li-ion 
intercalation, since there no redox peaks were found in the range of 
0.8-1.2 V (vs. Li+/Li) in our background tests. All electrochemical 
tests were performed at room temperature. Both the current 
density and specific capacitance were calculated based on the 
weight of active Nb2O5. 
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